One of the most powerful tools in solid oxide cell (SOC) characterization is electrochemical impedance spectroscopy, which can unfold important insights into SOC performance characteristics and degradation behavior. To obtain a better understanding of the electrochemical behavior of Ni/CGO fuel electrodes, this work presents a comprehensive investigation of state-of-the-art Ni/CGO10based electrolyte-supported cells. Commercial Ni/CGO10|CGO10|3YSZ|CGO10|Ni/CGO10 symmetrical cells were characterized between 550-975°C at pH 2 = 0.8 bar and pH 2 O = 0.2 bar, and for different H 2 /H 2 O gas mixtures at 550°C. (i) Small electrode area, (ii) thin electrodes and (iii) large gas flow rates were used to minimize mass transport contributions. Based on distribution of relaxation times (DRT) analysis an equivalent circuit model was derived. Electrode process contributions on Ni/CGO were determined by means of a complex non-linear least square fit of the equivalent circuit model to the experimental data. One low frequency process at 0.1-1 Hz and one middle frequency process at 10-100 Hz were identified and correlated to a surface and a bulk process, respectively. Values for the apparent activation energy barriers and reaction orders with respect to steam and hydrogen content were determined.
The transition to energy systems based on the use of more renewable energy is accompanied by an increasing mismatch between production and demand, which leads to a growing demand for electric energy storage systems. In this regard, the solid oxide cell (SOC) technology promises high round-trip efficiencies toward the electrolysis of steam into hydrogen which can be stored as energy carrier, and its reutilization by conversion into steam while producing emissionfree electricity. One commonly used cell architecture in commercial applications is the electrolyte-supported cell (ESC) design due to its excellent mechanical stability. 1 The fuel electrodes of choice for both fuel cell and electrolysis mode are the nickel/yttria-stabilized zirconia (YSZ) and the nickel/gadolinium-based ceria (CGO) electrode. [2] [3] [4] Important insights into the kinetics of the Ni/YSZ electrode have been achieved via the use of electrochemical impedance spectroscopy (EIS) in symmetrical and full cell configurations. [5] [6] [7] [8] [9] This is facilitated by occurrence of the Ni/YSZ charge transfer process during hydrogen oxidation at high frequencies of 10 3 -10 4 Hz, 10 which enables its clear separation from the lower frequency process of the LSM or LSCF cathode (∼10 2 Hz) and mass transport (10 0 -10 1 Hz) contributions. 5, 6, [9] [10] [11] [12] Based on EIS measurements and the calculation of the distribution of relaxation times (DRT), the process resistances can be determined by means of a complex non-linear least square (CNLS) fit of experimental data to a physically meaningful equivalent circuit model (ECM). Then, by means of systemic investigation of the dependencies of the process resistance contributions on temperature and gas phase composition, conclusions about the performance and degradation of individual cell components could be deduced and important insights into the mechanistic electrode behavior could be obtained.
However, this approach has been proven to be more complex for Ni/Ce 0.9 Gd 0.1 O 2-δ (CGO10)-based cells due to the occurrence of a low frequency electrode process at ∼1 Hz, and therefore the overlapping of anode, cathode, and mass transport contributions with similar relaxation frequencies. 3, 13 In a recent study, the polarization resistance of different types of Ni/CGO-electrodes was investigated and compared with a state of the art anode-supported cell. The DRT analysis of the spectra revealed that the relaxation frequency of the main * Electrochemical Society Member. z E-mail: Matthias.Riegraf@dlr.de fuel electrode electrochemistry process was shifted from ∼2 kHz (Ni/YSZ) to 3-10 Hz (Ni/CGO10). 14 This low frequency process was attributed to a surface process, most likely the electrode charge transfer reaction. 13 Its low frequency was correlated with the occurrence of a large chemical capacitance that originates from the oxygen nonstoichiometry of CGO. This non-stoichiometry is the reason for the mixed ionic and electronic conductivity (MIEC) properties of CGO at high temperature and reducing atmosphere, [15] [16] [17] which was suggested to cause its high performance and resistivity against sulfur poisoning and coking. 3, 13, [18] [19] [20] In addition to a low frequency process, a middle frequency process at 10 2 Hz has been observed in impedance spectra as well which was suggested to originate from the oxide ion transport from bulk to surface or across the electrolyte/electrode interface. 21, 22 However, a systematic study investigating state-of-the-art Ni/CGO10 symmetrical cells has not been carried out yet.
Therefore, in the present study the loss mechanisms in Ni/CGO10 fuel electrodes are identified and their contributions are separated by means of the combination of EIS, DRT and a CNLS fit to a developed ECM model. Symmetrical, electrolyte-supported cells are used in order to avoid the convolution of fuel and air electrode. Furthermore, small electrode areas, thin electrodes and large gas flow rates were employed to minimize mass transport contributions.
Experimental
All symmetrical cell measurements were carried out with a commercial, state-of-the-art electrolyte-supported cell with dimensions of 12 × 12 mm 2 and an active surface area of 10 × 10 mm 2 (Kerafol, Germany). 25 μm thick Ni/CGO10 electrodes were applied onto a 90 μm thick 3 mol% YSZ (3YSZ) electrolyte, that was coated with 5 μm thick CGO10 adhesion layers on both sides. While 8 mol % Y 2 O 3 stabilized zirconia (8YSZ) is often used as electrolyte material in anode-supported cell architectures due to higher ionic conductivity, 3 mol % YSZ is frequently preferred as substrate in electrolytesupported cells due to higher mechanical stability. 23 Furthermore, the electrodes contain a current collector layer with increased Ni content. A scanning electron microscopy (SEM) image of a typical electrode is depicted in Figure 1 . Full cells with the same fuel electrode were characterized in detail by means of current-voltage characteristics and electrochemical impedance spectroscopy in our previous publications. 13, 18, 24 The cell was mounted in a ceramic cell housing as depicted in Figure 2 and contacted with Ni meshes on both sides. 5 As a oneatmosphere setup was employed no sealing between the electrodes was required. The atmosphere in the reactive chamber consisted of H 2 /H 2 O/N 2 gas mixtures and its composition was measured via a lambda sensor close to the sample. Electrochemical impedance spectroscopy measurements were carried out at OCV to determine the cell resistance.
Symmetrical cell measurements are presented that were carried out in the symmetrical cell setup depicted in Figure 2 . Hydrogen partial pressure, steam partial pressure and temperature were varied independently of each other. The cell was tested in a temperature range between 550-975°C at steps of 25 K and at pH 2 = 0.8 bar and pH 2 O = 0.2 bar. Hydrogen partial pressure was varied between 0.08 -0.80 bar at constant pH 2 O = 0.2 bar and at 550°C, and the steam partial pressure was varied between 0.08 -0.42 bar at constant pH 2 = 0.4 bar and at 550°C. The rest of the fuel gas consisted of nitrogen. Total gas flow rates were kept constant at 1 L·min -1 . An overview of the measured operating conditions in this study is given in Table I . The combined use of symmetrical cells, small electrode areas, thin electrodes and large gas flow rates is employed to minimize mass transport contributions. This approach was shown to reduce both the gas conversion and the gas diffusion impedance in the employed setup to a minimum. 5 Impedance spectroscopy was carried out using a Solartron 1260 FRA (frequency response analyzer) at frequencies between 10 mHz and 1 MHz. The current amplitudes were chosen for the voltage re- sponse not to exceed 12 mV. 25 A Kramers Kronig Test was applied to the data to ensure the validity of the measured spectra. 26 The impedance spectra were evaluated with an ECM developed below. The fit proceeds via a CNLS method. In the CNLS fitting procedure the DRT was used as a third variable alongside the real and imaginary parts. ECM used for this procedure were developed by calculating and analyzing the DRT of the impedance spectra. 27
Results and Discussion
In the following, the characterization of the symmetrical cells and their analysis by means of electrochemical impedance spectroscopy is shown. The behavior of the Ni/CGO electrode is systematically investigated by independent variation of temperature, pH 2 O and pH 2 .
Temperature dependence.- Figure 3 shows a typical EIS measurement at a temperature of 550°C. Two distinguished arcs can be identified, one with a peak frequency of ∼0.5 Hz and the other with a peak frequency of ∼10 Hz. Furthermore, the beginning of an additional arc is indicated at frequencies higher than 10 4 Hz. This high frequency arc corresponds to the resistance within the electrolyte and thus, the The gas phase composition was pH 2 = 0.8 bar and pH 2 O = 0.2 bar. Points indicate the experimental and lines the simulated data. Blue, red and black lines denote the middle frequency process, low frequency process and the full impedance, respectively. The data shown in (c) denote the DRT of the measured impedance (black line), the DRT of the fitted low frequency process (red) and the DRT of the fitted middle frequency process (blue). Note that for the creation of the blue MF and the red LF line the resistance of the respectively other process was assumed to be 0. To obtain the black full fit in Figure 3a , the imaginary impedance values are added at every frequency value and not at every real impedance value, thus explaining the different trajectory of the full fit and the connected low frequency and middle frequency lines.
interception with the y-axis at ∼11.5 ·cm 2 represents the value of the ohmic resistance. As polycrystalline electrolytes are employed, contributions of the YSZ grain bulk and YSZ grain boundaries appear in the high frequency range at low temperatures such as 550°C. 28 Furthermore the interdiffusion zone between CGO and YSZ might contribute to this process due to its lower conductivity. However, in the measured frequency range they cannot be fully resolved. These contributions become decreasingly visible at higher temperature and therefore are typically not reported in literature. The polarization resistance shows two nearly ideal semicircles.
The DRT calculated for the EIS measurements of the symmetrical cells at 0.8 bar H 2 and 0.2 bar H 2 O and between 575-725°C is shown in Figure 4 . The discussion of DRT has shown the potential to reveal significantly more insight into the cell behavior than raw impedance data as demonstrated in numerous previous publications. 5 calculated DRT suggests two main contributions, one at low frequencies (LF) around 1 Hz and another at middle frequencies (MF) around 10 2 Hz, which is consistent with previous studies on Ni/CGO10 electrodes. 22, 31 No high frequency contribution >10 3 Hz is visible as it is generally observed for Ni/YSZ electrodes. 5, 6 Both of the contributions are thermally activated as suggested by the shift to lower frequencies with decreasing temperature, and thus, can be attributed to physico-chemical electrode processes. At lower temperatures (<650°C), another middle frequency contribution is visible at 10 2 -10 3 Hz. However, as it is negligibly small the two middle frequency elements were therefore modeled with a single RQ element during the CNLS fitting process.
As it was not the focus of this study to resolve the high-frequency capacitive behavior of the electrolyte that is visible at lower temperatures (see Figure 3 ), the higher frequencies (>10 4 Hz) were omitted during the fitting processes and modeled by one simple resistance element that describes the ohmic resistance in electrolyte and adhesion layers. As a result, a simple ECM was applied that includes one resistance element and two RQ elements describing the two electrode processes. An exemplary fit is depicted for the impedance spectra in Figure 3 and demonstrates that the devised ECM matches the experimental data very well.
For Ni/YSZ fuel electrodes, a transmission line model has been shown to provide a more physically meaningful description of the electrode processes, modeling the coupling between ionic conduction pathway in the ceramic electrolyte matrix, electronic conduction pathway in the nickel phase and electrochemical reaction at the triple phase boundary. 5, 8, 9, 32 This coupling is generally visible as a skewed semicircle with a linear shape at high frequencies that evolves into an attached semicircle at lower frequencies. However, since in this case the two processes do not seem to be coupled as clearly separated semicircles are present, a transmission line model cannot be applied without further detailed insights into the electrode mechanism.
The obtained resistance values of the two processes as a function of temperature are depicted in Figure 5 . Apparent activation energy barriers for the processes can be extracted by fitting the data to the Arrhenius-type equation:
where R p is the process resistance, B the pre-exponential factor and E act the process, apparent activation energy barrier. The fit of the middle frequency process in Figure 5c shows a high quality (R 2 >0.999) and yields an apparent activation energy barrier of 1.04 eV. The fit for the low frequency process, however, shows a change of slope of the fitted curve (Figure 5a) , and, therefore, two temperature regimes with different apparent activation energy barriers. Above 775°C, the apparent activation energy barrier is identified to be 0.61 eV, below 775°C it is 1.14 eV. This difference in activation energy is most likely related to a gas diffusion resistance. Although the experiments in the present study have been carried out at OCV, the gas diffusion resistance can become non-negligible at higher temperatures. However, this does not mean that the cell operates in fuel starvation mode, but rather that the Nernst voltage across the cell is changing during the sinusoidal current excitation of the impedance measurements due to formation or consumption of hydrogen and steam at the electrode/electrolyte interface and their diffusive transport away from the interface. 34 In a previous study of a nanoscaled high performance cathode it has been shown that the total polarization resistance is significantly increased by gas diffusion at temperatures exceeding 700°C. 33 After subtracting the gas diffusion resistance the remaining polarization resistance of the cathode electrochemistry showed a straight slope in the Arrhenius diagram that could properly be described by one single activation energy.
In case of the Ni/CGO electrodes investigated here, the gas diffusion polarization process cannot be resolved in the DRT as it is strongly overlapped by the other polarization processes. To overcome this problem, the gas diffusion resistance was taken from previous investigations performed on Ni/YSZ electrodes in exactly the same test bench. 5 A gas diffusion resistance of 41 m cm 2 was observed for similar testing conditions (950°C, 80% H 2 O, 20% H 2 ). The temperature dependence of the gas diffusion resistance in 1D can be calculated according to
Here, R diff is the gas diffusion resistance, R the universal gas constant, T the temperature, F the Faraday number, and d the distance. Porous electrodes with a thickness below 30 μm have been suggested to exhibit a negligible gas diffusion resistance. 34 Thus, the observed values are not related to the porous electrode itself but to gas diffusion in the contact mesh and in-plane diffusive transport underneath the contact ribs. 5 Hence, the use of the gas diffusion resistance extracted from previous experiments is valid despite the differences in porosity and tortuosity between the Ni/CGO and the Ni/YSZ electrodes. Since the porosity of the employed Ni meshes is large, porous transport through the Ni meshes can solely be described by free molecular diffusion and Knudsen diffusion can be neglected.
Thus, the effective diffusion coefficients D eff,H2 and D eff,H2O for hydrogen and steam, respectively, equal the binary diffusion coefficients and were calculated using the Chapman-Enskog theory proportionally to T 1.5 . 35 This leads to a dependence of the gas diffusion resistance on T 0.5 . The resulting values are then subtracted from the fitted polarization resistance which leads to the corrected resistance values R LF displayed in Fig. 4b . The corresponding fit of Eq. 1 to the experimental data shows excellent agreement over the whole temperature range with an apparent activation energy barrier of 1.16 eV.
Different possible fuel oxidation mechanisms were extensively discussed in our previous work, and the possibility of competitive pathways at double phase and triple phase boundary was pointed out. 13, 18, 24 These competitive pathways very likely exhibit different activation energy barriers. 36 However, as the whole temperature regime can readily be described by one activation energy barrier after correction of the low frequency resistance, the presence of two temperature regimes with different dominant fuel oxidation pathways can be considered unlikely. Thus, the rate-determining step probably stays the same over the whole temperature range. Its identification is beyond the scope of this study. Figure 6a displays the capacitance values associated with the low frequency process. The values of about ∼1 F·cm -2 are significantly larger than the ones generally obtained for Ni/YSZ (∼10 -4 F·cm -2 ), 37, 38 which clearly illustrates the different nature of the capacitance in Ni/CGO. The origin is likely a large chemical capacitance, which is associated with a changing Ce 3+ /Ce 4+ (correlated with a variation in the oxygen stoichiometry in the CGO phase) ratio in the CGO. 16, 39, 40 Although a convolution of the low frequency electrode process and the gas diffusion possibly exists in the present study, at low temperatures the cell behavior is expected to be dominated by the electrode process. The calculated capacitance values increase with temperature and exhibit plateaus at high and low temperatures. Thus, the Ce 3+ /Ce 4+ ratio determines the chemical capacitance values which stretch over a whole order of magnitude (0.1-1 F·cm -2 ). Plateau formation occurs at conditions when further Ce 3+ or Ce 4+ formation is highly unfavorable. This quantitatively confirms an effect that we already qualitatively observed in sulfur poisoning experiments of Ni/CGO electrodes in our recent work and can explain the lower capacitance values of the surface process in Ni/CGO40 electrodes since the higher Gd doping level of CGO40 entails a higher concentration of intrinsic but lower concentration of extrinsic oxygen vacancies and thus, displays a less pronounced oxygen non-stoichiometry. 13 The capacitance of the middle frequency process also shows a similar dependence on the temperature with increasing values (0.02-0.04 F·cm -2 ) at higher temperatures, however, in a less pronounced manner.
All identified dependencies of resistance and capacitance values on the operating conditions are also shown in Table II . pH 2 O dependence.-In order to investigate the dependence of the electrode processes of fuel humidification, the steam content was varied between 0.08 and 0.6 bar at a constant hydrogen partial pressure of 0.4 bar and at a constant temperature of 550°C. This comparatively low temperature was chosen to minimize the influence of the gas diffusion and gas conversion process on the low frequency contribution. 12, 34 Based on the gas diffusion resistance derived from previous measurements as explained above, it will account for only approximately ∼0.8% (0.034 ·cm 2 /4.25 ·cm 2 ) of the total resistance of the low frequency process R LF at 550°C. The impedance and DRT plots in Figures 7a-7b reveal a significant dependence of the low frequency process on the steam content, while the middle frequency contribution was only marginally affected. This is consistent with previous studies. 13, 22, 31 The clear reduction of the low frequency electrode process resistance with increasing steam content suggests Table II . Overview of the electrode processes identified in this study and their dependence on temperature, steam partial pressure and hydrogen partial pressure. A downwards-pointing arrow indicates a decrease in Resistance R or capacitance C upon an increase in operating parameter. Analogously, an upwards-pointing arrow indicates an increase.
Process
Characteristic an enhancing effect of steam on the kinetics of the low frequency process, similar to the influence of H 2 O on the electrode charge transfer process on Ni/YSZ. 6, 37, 38 This confirms that its origin is an electrode surface process (either at the CGO surface or at the TPB), probably the charge transfer process, as was already suggested in earlier publications. 16, 20, 31, 41, 42 In a MIEC material like CGO this will create a electrostatic surface potential step between charged adsorbates and electronic counter charges in the outmost surface layer of CGO. 40, 43 The small pH 2 O dependence of the middle frequency process points toward a bulk process as its origin. Specifically, oxide ion transport from CGO bulk to surface or across the electrolyte/electrode interface has been suggested before. 21, 22 In the former case, an electrostatic potential drop forms at the CGO/YSZ interface between electrolyte and adhesion layer. The latter process corresponds to the electrostatic potential drop between MIEC bulk and its surface which drives carrier transport in the space-charge layer. 40 However, within the framework of the present study it is difficult to distinguish between these processes.
For small overpotentials, the plot of the resistance of the electrode processes over the respective partial pressures on a double-logarithmic scale can be used to identify the dependencies of the resistance on pH 2 and pH 2 O. The negative slopes of the diagrams then represent the reaction orders a and b of the electrode process with respect to the partial pressure of hydrogen and steam, respectively. In Figure 8a , the resistance of the low frequency process is plotted over pH 2 O. The slope of the fit to the low frequency resistance in the double-logarithmic plane leads to the identification of b = 0.08. This is significantly smaller than the value calculated for the charge transfer process on Ni/YSZ (b = 0.33). The poor quality of the fit (R 2 = 0.67) could possibly be related to the the cell design, since based on the operating conditions, the electrochemically active zone can extend from the electrode functional layer into the electrode contact layer. 9 In addition, hydrogen oxidation could also occur in the not fully dense CGO adhesion layer. Thus, the interplay between the ionic conductivity in the matrix, the electrochemical hydrogen oxidation reaction and the gas diffusion can vary considerably. To further investigate these effects, an electrode with a more homogeneous layer structure could be helpful.
The capacitance values of the low frequency process obtained by the CNLS fit show a dependence on the steam partial pressure as well ( Figure 8b) with a decreasing value for increasing pH 2 O. The relationship at this temperature can be readily described with a power law according to C LF ∼ pH 2 O -0. 16 . pH 2 dependence.-Eventually, to investigate the dependence of the electrode process on the hydrogen partial pressure, pH 2 was varied between 0.08 and 0.42 bar at a constant steam content of 0.2 bar and at 550°C. The Nyquist and DRT plot of the recorded impedance spectra are depicted in Figures 9a-9b . Again, the middle frequency contribution shows no dependence on the gas phase composition. Moreover, the low frequency peak also only shows a very small change upon hydrogen concentration variation.
The resistance and capacitance values of the process are depicted in Figure 10 . Based on the fitting results in the double-logarithmic plot in Figure 10a , a reaction order value of a = 0.01 could be derived. Although the fit quality is poor (R 2 = 0.47), Figure 10a shows the nearly negligible influence of pH 2 on the surface process resistance. As the rate-determining step is probably the charge transfer reaction, 42 this means that independently of the hydrogen inlet content, hydrogen is always readily available on the surface as a reactant. Thus, hydrogen adsorption and dissociation are fast and probably do not strongly influence the hydrogen oxidation rate. The resistance dependence of the electrode process on temperature can be readily described by the Arrhenius-type equation in Eq. 1 without a change of slope in Figure 5b . This indicates that the rate-determining step does not change with an increase in temperature. Thus, the dependencies of the process on pH 2 and pH 2 O are likely to be similar at higher temperatures as well. However, based on Figure 5 alone, it cannot be excluded that there are two competitive pathways with only slightly different apparent activation energy barriers that dominate under different operating conditions. The resistance contributions of the different elementary kinetic steps cannot be resolved within the scope of the present study. Extensive ab initio calculations and elementary kinetic modeling would be necessary to obtain more detailed insights into the reaction mechanism.
Furthermore, Figure 10b shows that the capacitance of the low frequency electrode process is also dependent on pH 2 , with C LF ∼pH 2 0.11 . Thus, a dependence of the low frequency process on both temperature and pO 2 (caused by different pH 2 O/pH 2 ratios) is confirmed. This can be correlated with previous investigations of CGO10, where the Ce 3+ concentration in the CGO bulk was shown to change with both tem-perature and pO 2 . This confirms the source of the capacitance to be related to the Ce 3+ /Ce 4+ ratio.
Conclusions
This work presents a comprehensive electrochemical impedance study of state-of-the-art Ni/CGO10-based electrolyte-supported cells. Commercial Ni/CGO10|CGO10|3YSZ-based symmetrical cells were characterized between 550-975°C at pH 2 = 0.8 bar and pH 2 O = 0.2 bar and for different H 2 /H 2 O gas mixtures at 550°C. By employing small electrode areas, thin electrodes and large gas flow rates the effect of mass transport contributions was minimized to clearly identify and separate the electrode process. By means of calculating the DRT, an equivalent circuit model was derived comprising two RQ elements to model the electrode behavior. Electrode process contributions of Ni/CGO and their dependencies on the operating conditions were calculated by means of a complex non-linear least square fit of the equivalent circuit model to experimental data. One low frequency and one middle frequency electrode process were identified and correlated to a surface and a bulk process. Apparent activation energy barriers and the pH 2 O and pH 2 dependencies of both processes were determined. Moreover, the capacitance of the Ni/CGO10 charge transfer process was shown to exhibit a significant dependence on both the operating temperature and gas phase composition. This reflects the existence of a large chemical capacitance with a changing Ce 3+ concentration in CGO.
